For the first time, a 3-D imaging Flash Lidar instrument has been used in flight to scan a lunar-like hazard field, build a 3-D Digital Elevation Map (DEM), identify a safe landing site, and, in concert with an experimental Guidance, Navigation, and Control (GN&C) system, help to guide the Morpheus autonomous, rocket-propelled, free-flying lander to that safe site on the hazard field. The flight tests served as the TRL 6 demo of the Autonomous Precision Landing and Hazard Detection and Avoidance Technology (ALHAT) system and included launch from NASA-Kennedy, a lunar-like descent trajectory from an altitude of 250m, and landing on a lunar-like hazard field of rocks, craters, hazardous slopes, and safe sites 400m down-range. The ALHAT project developed a system capable of enabling safe, precise crewed or robotic landings in challenging terrain on planetary bodies under any ambient lighting conditions. The Flash Lidar is a second generation, compact, real-time, air-cooled instrument. Based upon extensive on-ground characterization at flight ranges, the Flash Lidar was shown to be capable of imaging hazards from a slant range of 1 km with an 8 cm range precision and a range accuracy better than 35 cm, both at 1-σ. The Flash Lidar identified landing hazards as small as 30 cm from the maximum slant range which Morpheus could achieve (450 m); however, under certain wind conditions it was susceptible to scintillation arising from air heated by the rocket engine and to pre-triggering on a dust cloud created during launch and transported down-range by wind.
INTRODUCTION
Landing mission concepts being developed for the exploration of planetary bodies increasingly require precision landings on sites of high scientific value making onboard, real-time terrain hazard detection and avoidance capabilities a necessity. Future human exploration missions will similarly require precision landing with increased levels of safety over those performed in the Apollo program if they are to become more commonplace. Despite the successes of the Apollo program, which was constrained to land under favorable lighting conditions at sites with no significant terrain challenges, two of the six missions experienced near disaster during the landing phase with all six landings described as being perilous. 1 As an example, Figure 1 shows that Apollo 15 landed partially in a crater which resulted in a crumpled main engine bell and a vehicle resting attitude near the safe limit. Landing hazards have affected recent Mars missions requiring them to land far from the sites of primary scientific interest for fear of terrain, requiring the rovers to undertake months-or years-long drives before being able to begin the key science investigations. 8, 9 The present report will provide greater detail on the Flash Lidar results. With the demonstration in a relevant environment during FT6, the ALHAT system reached its TRL 6 goal. For FT6, the ALHAT system was integrated to the Morpheus rocket-propelled, free-flying test bed and flown on a lunar-like approach trajectory to landing on the same lunar-like hazard field at KSC that was used in the FT5 helicopter testing. FT6 marked the first time that the ALHAT system was used in a closed-loop fashion to scan a lunar-like hazard field, identify a safe landing site, and autonomously help to guide a vehicle to a safe landing on the hazard field. The campaign consisted of three daytime open-loop flights, one daytime closed-loop flight, and one nighttime closed-loop flight all following the same trajectory which peaked in altitude at 250m at a slant range to the hazard field of approximately 500m and moving downrange from the launch site to the hazard field approximately 400m. The flights were monitored from the Morpheus Mission Control Center (MMCC) with telemetry data from the sensors displayed at the ALHAT console. The Flash Lidar executed its HDA objective by generating 3-D range images in real-time at a level of precision which enabled hazards as small as 30 cm to be identified from the maximum slant range provided by Morpheus. The HDS then stitched together a mosaic of the 1° FOV Flash Lidar images to build a 3-D DEM of the hazard field in near-real-time and successfully identify all five safe sites amongst the hazardous rocks, craters, and slopes and passed the preferred safe site on to the Morpheus GN&C system. The Flash Lidar executed its HRN function following HDA and the HDS fed the position updates into the ALHAT navigation filter for precision guidance of Morpheus over portions of its trajectory to the safe site. The NDL provided high-fidelity velocity updates to the ALHAT navigation filter over portions of the trajectory for precision guidance to the selected safe site. The Laser Altimeter fed slant range data to the ALHAT navigation filter for precision guidance to the selected safe site. Each of the three sensors experienced minor anomalies due to air heated by the rocket plume. In the end, the ALHAT system reached its TRL 6 goal through successful demonstration in a relevant environment.
FLASH LIDAR SYSTEM CONFIGURATION
The 3-D imaging Flash Lidar built by NASA-Langley (LaRC) is a second generation (Gen 2.2), compact, real-time, air-cooled, autonomous, 20 Hz time-of-flight sensor system based on 3-D imaging IR camera technology developed by Advanced Scientific Concepts (ASC). 10 The Flash Lidar sensor system, with specifications delineated in Table 1 , consists of two boxes as shown in Figure 4 : the Flash Lidar Sensor Head (FLSH) and the Flash Lidar Electronics Box (LEB). A full series of thermal and vibration environmental testing was accomplished based on the expected Morpheus environments. The FLSH integrates a 1.064 µm 50 mJ class IV Neodymium: Yttrium Aluminum Garnet (Nd:YAG) Fibertek pulsed laser (8 ns Full-Width-Half-Max or FWHM pulse width) operating at 20 Hz, 1° FOV 100mm f/7.3 receiver optics, 1° divergence transmitter optics, and a Indium Gallium Arsenide-Avalanche Photodiode (InGaAs-APD) detector hybridized to a Read-Out Integrated Circuit (ROIC) which together constitute the 128 pixel by 128 pixel focal plane array (FPA) residing in an ASC Tiger Eye camera. Tiger Eye serial number 1004 with a fresh FPA of appropriate sensitivity and nearly devoid of dead pixels (< 1.1% of its total pixel count) was utilized for the Morpheus testing as opposed to the equivalent sensitivity Tiger Eye 1005 camera and FPA used in the previous UH-1H testing of 2012 (FT5) which had accumulated a dead pixel count of 7.1% due to humidity exposure to its unsealed FPA (unsealed since it was still experimental). 11 Other changes since the FT5 testing included replacement of the 1° compound receiver lens with a lens of equivalent FOV and throughput which did not require the single element corrective lens required by the existing one, slight increase to the divergence of the transmitter optics to increase the overfill factor for robustness to transmitter/receiver misalignment, and addition of dry-gas purge ports to the FLSH and LEB to preclude methane fume build-up from the Morpheus tank off-gassing and to provide protection from the Texas and Florida humidity. A new series of pointing metrology tests were conducted to map the unit vectors from the FPA pixels through the receiver optics to a set of fiducials hard-mounted to the FLSH frame which were in turn mapped to the navigation frame of the ALHAT system. The Flash Lidar receiver optics are bore-sighted with a small optical witness camera (Go Pro Hero 3 with a custom lens) mounted to the FLSH belly which provides a larger (8° along the diagonal) FOV context for the LIDAR image. The LEB houses the laser electronics unit, the PC-104-based sensor controller (programmed in C++ with a Linux operating system), a Vicor-based power conditioning and distribution subsystem, signal conditioning and thermal control circuitry, and a laser termination system for safety which switches off the laser power supply when commanded remotely via telemetry. To provide for terrestrial operations in humid environments, the Flash Lidar has provisions for dry-gas purge during all hangar and flight operations. The addition of a dry-gas (CO2) purge bottle to
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LAB CHARACTERIZATION RESULTS
Prior to flight, the Flash Lidar was extensively characterized at a LaRC outdoor test facility referred to as the Long Distance Test Range (LDTR) which allowed testing at ranges to be experienced during the Morpheus campaigns. The test range was utilized to assess maximum operational range as well as to calibrate and characterize ultimate range precision and range accuracy performance. Table 1 details the lab performance results, which met all of the performance requirements laid out in the introduction.
The LaRC LDTR is shown in overview in Figure 5 . It consists of a fixed trailer 860m from the large B1261 target building, a fixed tent 760m from B1261, a road which extends from the tent up to B1261 (to provide for any intermediate ranges desired to B1261), and a set of small target boards at set distances from the tent used in range accuracy calibrations. A truck in which the lidar was mounted, was driven along the road between the tent and the B1261 in order to vary the range to B1261 for the range precision calibration and verification testing. Figure 6 shows the B1261 target building. In addition to its sets of square and hemispherical targets (painted for a normal reflectivity of 30% at 1.064 µm to match the sand reflectivity at NASA-Armstrong where previous developmental flight testing was conducted), B1261 contains a flat area bare of any target in its upper right quadrant which is useful for range precision testing. A set of five range accuracy target boards (20 inches by 20 inches) were located at set distances for use in range accuracy calibration. Figure 10 in Figure 8 . 
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The calibrated and corrected 3-D range images generated autonomously and in real-time by the Flash Lidar were stitched together into a near-real-time DEM by the HDS and processed to correctly find five safe sites on all flights under the HDA objective. 9 The safest site was correctly ranked by the HDS on all flights and passed to the Morpheus navigation system for landing during the closed-loop flights. On one closed-loop flight, the safe site was rejected by Morpheus because of a half-meter offset in the ALHAT-selected landing point (Flash Lidar scintillation induced by air heated by the Morpheus rocket engine and an internal HDS mapping anomaly were contributing factors) even though it was within the ALHAT landing criteria for a spacecraft lander; the Morpheus landing criteria was necessarily tighter due to its experimental nature. The HDS-selected safe site was rejected on another closed-loop flight because the safe site selected by HDS happened to not be one which had the structural reinforcement necessary to bear the weight of Morpheus. During that flight, one of the reinforced safe sites had been populated with an array of small rocks for a piggy-back experiment which may have been detected by the ALHAT system consequently lowering the rank of that safe site and causing it to not be selected as the safest of the five options. After mosaic generation and safe site selection, the Flash Lidar images continued to be used for generation of navigation updates under the HRN objective. The FlashLidar-based HRN updates that were accepted by the navigation filter provided fine tuning of the navigation solution and contributed to precision navigation as part of the closed-loop GN&C. The Flash Lidar met its performance requirements which in turn enabled the HDS to successfully accomplish its mission. The Flash Lidar met its operational range requirements, successfully generating range images from the maximum slant range down to the minimum needed. Although the Flash Lidar fell just short of its 5 cm range precision goal and instead achieved 8 cm, its calibrated and corrected images were more than sufficient to enable detection of hazards 30cm in size and larger, thereby exceeding the original ALHAT hazard detection goals. h Lidar genera ration engine o ow the minimu C hazard field 2014, the refle factor to the F rface. Figure  ee- 
